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Monitoring the water content of a certain soil profile provides continuous information about water storage and its temporal changes due to rainfall and plant water uptake. Such data, measured for example by means of multi-sensor capacitance probes, can help control irrigation based on soil water depletion (e.g. Thompson et al. 2007a, b; Nolz et al. 2016a) . When soil water is determined by means of sensors, a fundamental issue is the characteristic spatial variability of soil moisture due to soil heterogeneity, vegetation, topography, and atmospheric processes (Starr 2005; Vereecken et al. 2007) . Since water content is typically sensed in the immediate vicinity of a sensor, the key question is whether the measurements represent the (mean) water content of the surrounding area, or whether they rather reflect a relatively dry or wet spot. Such information is essential when interpreting data with regard to irrigation scheduling. A particular challenge arises when water is applied via point sources, as is the case with drip irrigation or subsurface drip irrigation (Dabach et al. 2015) . Another complication might appear in vineyards and similar perennial row crops, because also the cultivation of the inter-rows can affect soil water distribution (Celette et al. 2008; Medrano et al. 2015) . Recently, Nolz et al. (2016b) observed considerable differences of soil water content measured across a study plot in a vineyard (spatial variability). Based on repeated measurements they also found differences between rather dry and wet soil conditions (temporal variability). Beside the spatio-temporal variability of soil moisture at the scale of a plot or a field, it is important to consider also other sources of variability in soil water determination using sen-doi: 10.17221/9/2016-SWR sors. Sources that cannot be controlled by the user include internal variability of the instrument (e.g. electronic noise), interference from soil properties (e.g. bulk electrical conductivity), and interactions between the sensing system and soil properties at a scale smaller than the sensed volume (Evett et al. 2009 ). In order to reduce uncertainties and to obtain reliable data, it is recommended to install several probes. The required quantity depends on the sensor type, the soil conditions, and the desired precision (Evett et al. 2012) . However, for practical applications it is hardly feasible to install more than a few probes.
When interpreting data or evaluating a sensor arrangement with regard to a certain purpose such as irrigation management, it might be useful to consider variability by selecting datasets or monitoring locations that proved to be both representative and reliable. Van Pelt and Wierenga (2001) , for instance, indicated that permanently measuring matric potential in as few as one or two proper places is an option to automatize irrigation management based on the sensor data. They applied a temporal stability concept and concluded that this can be a powerful technique for soil water management. Temporal stability refers to the phenomenon that, when soil water content is monitored across an area, it is usually the case that sites can be detected where soil is consistently wetter or drier than the average (Pachepsky et al. 2005; Vanderlinden et al. 2012) . The basic principle is that the pattern of spatial variability is more stable over time than would be expected from random processes. While hydrologists typically use the concept on a large (catchment) scale (e.g. Famiglietti et al. 2008; Mittelbac & Seneviratne 2012) , it is interesting that the phenomenon can be observed at different scales, for instance also on field scale (e.g. Evett et al. 2009 ). Some studies focused on near-surface soil moisture, others addressed the variability down a soil profile (Pachepsky et al. 2005; De Lannoy et al. 2006; Bogena et al. 2010) . However, it has to be noted that temporal stability of soil water content is influenced by environmental conditions that might change with time -e.g. soil (hydraulic) properties, vegetation, weather, and interrelations only little known so far (Vanderlinden et al. 2012) .
The spatio-temporal variability of soil water content in a subsurface drip irrigated vineyard -as described by Nolz et al. (2016b) -raised several questions with regard to soil water monitoring and data interpretation as the basis for irrigation management. This subsequent study is based on profile water contents that were monitored in selected locations along vine rows. The main objectives were (i) to assess soil water content and its variability, and (ii) to evaluate representativeness and reliability of each monitoring profile with regard to irrigation control. Specific research questions were: Which probe is the most representative and reliable? Which probe is the best to decide upon the control (on and off ) of the subsurface drip irrigation system? For this purpose, the temporal stability of soil water content data was analyzed on a monthly basis to better illustrate changes over time. In order to consider also the effects from plant water uptake and irrigation, the data were separated into vegetation periods with irrigation, vegetation periods without irrigation, and non-vegetation periods.
MATERIAL AND METHODS
Site description. The research site was located in the eastern part of Austria, in the municipal area of Andau (47°48'16''N, 17°01'57''E, 118 m a.s.l.). Weather conditions can be characterized by 10.6°C mean annual temperature and 570 mm annual precipitation (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . Rainfall and air temperature data were measured on the study plot by means of a Vaisala WXT 520 combination sensor (Vaisala Oyj, Helsinki, Finland). The study plot within a vineyard was planted with Vitis vinifera L. cv. Chardonnay early in 2010. The rows were oriented from north to south with 2.8 m lateral distance (Figure 1 ). The slope of the study plot was negligible. Subsurface drip lines with 16 mm diameter and pressure compensating drippers welded every meter (outflow: 2.2 l/h) were installed parallel to each row on both sides of it, at a lateral distance of 0.5 m and a 0.3 m depth (Figure 1 ). Soil type was Chernozem with 2% soil organic matter in topsoil. Particle size analyses of soil samples (seven segments reaching to the depth of 10 cm) taken at 24 locations across the plot revealed fine fractions of 41.5 ± 1.5% sand (2 mm > d > 0.063 mm), 38.0 ± 1.7% silt, and 20.6 ± 1.0% clay. Soil texture was sandy loam according to the Austrian nomenclature. Particle size distribution was quite homogeneous within the plot and over depth (Nolz et al. 2016a, b) . Average dry bulk density was 1.46 ± 0.11 g/cm 3 , particle density was 2.67 ± 0.02 g/cm 3 , and total porosity estimated from the former was 0.45 cm 3 /cm 3 . Unsaturated hydraulic parameters doi: 10.17221/9/2016-SWR determined by means of a pressure plate apparatus were: water content at field capacity = 0.27 cm 3 /cm 3 (at a matric potential of −33 kPa), water content at permanent wilting point = 0.14 cm 3 /cm 3 (at a matric potential of −1.5 MPa).
Soil water content monitoring. EnviroSCAN ® soil moisture sensors (Sentek Pty Ltd., Stepney, Australia) were utilized for this study. Six PVC plastic access tubes were installed vertically at a lateral distance of 20 cm to the respective vine row, which promised to encounter the rooting zone (installation directly in the row was impractical as the tensioning wires restricted handling). Three tubes were in the second and three in the fifth of six rows that represented the study plot ( Figure 1 ). The installation was executed according to the manufacturer's best management practice recommendations using an original toolkit. The procedure guaranteed a tight contact between the access tubes and the surrounding soil. The monitoring profiles were numbered M1-M6. M1, M2, M5, and M6 were placed very next to a dripper; M3 and M4 were installed between two drip emitters along the drip line in order to obtain information about the horizontal expansion of the irrigation water front along the drip lines. Each EnviroSCAN probe contained five sensors on a mounting rail that was inserted into the respective access tube to measure water content at 10, 20, 30, 40, and 50 cm down the soil profile. The depths represent the central depth of measurement, the depth range of the measuring field of a single sensor is usually given with 10 cm (in natural conditions it depends on the water content). The capacitance sensors work with a so-called Frequency Domain Resonance principle (FDR), where an electromagnetic oscillation is induced in a certain volume of soil, and the frequency of oscillation is proportional to the ratio of air and water in the soil (Paltineanu & Starr 1997) . Sensor readings were converted to Scaled Frequency values SF = (F a -F s )/ (F a -F w ). F a and F w were determined in the laboratory as sensor-specific frequency reading in air and in water, respectively. F s is the frequency reading in the moist soil in the field. Sensed soil water content (SWC) was calculated by means of the standard calibration relationship SF = 0.1957·SWC 0.4040 + 0.0285 for sands, loams, and clay loams (Sentek 2001) . For this study, the default calibration was assumed to be adequate as mainly comparative analyses were considered. Performing a site-specific calibration is a destructive process that also depends on the soil moisture conditions, which cannot be controlled easily in natural conditions. Generally, calibrations for EnviroSCAN sensors can vary depending on soil type, bulk density, and bulk electrical conductivity (Evett et al. 2009) .
SWC data were stored in hourly intervals (or shorter) on a Sentek RT6-Logger (Sentek Pty Ltd., Stepney, Australia) and regularly downloaded on a notebook. Data from June 2010 to December 2013 were used for this study. SWC is defined as volume of water per volume of soil (cm 3 /cm 3 ). In this work, sensor data are expressed as percentage, which is equivalent to (cm 3 /cm 3 ) × 100. It can also be interpreted as mm·(100 mm) −1 , which then represents the water height in a soil profile of 100 mm (as the sensors are mounted at a 10 cm distance, a 10 cm deep soil layer is related to each sensor). SWC of a profile was calculated as the average of sensor readings at five depths. Hence, the SWC values presented and discussed later in this article represent the integrated profile water content (in %).
Temporal stability analysis. Temporal stability of SWC was determined using the mean relative differ- (Vachaud et al. 1985; Vanderlinden et al. 2012) . In doing so, the relative difference RD ij for location i and time j was calculated as (1) where: SWC ij -sensed water content at location i (i = 1-6 for the six probes) and time j (daily average)
< SWC > j -mean SWC of all probes on the same day
The mean relative difference (MRD) for location i is then (2) where: N t -number of observation terms (e.g. days of a month)
The corresponding standard deviation (SDRD) was calculated according to Jacobs et al. (2004) as (3) Any location with an MRD i near to zero is usually considered representative throughout time (Vachaud et al. 1985; Pachepsky et al. 2005) . Furthermore, also small SDRD i values reflect temporal stability as, for example, a location with a small SDRD i and an offset can easily be transformed to obtain average values (Vanderlinden et al. 2012) . In order to consider both values for data interpretation, a so-called root mean square error (RMSE) was calculated as .
Any location i with the smallest RMSE i was considered as the most representative one. For a better readability, indices are omitted when the reference location is obvious.
RESULTS AND DISCUSSION
Assessment of soil water content data and their variability. After installation of the probes in June 2010, there was a short drying phase until a large rainfall event (31 mm) on July 15 (Figure 2 ). After that, frequently occurring rainfall kept the soil in an untypically moist status throughout the vegetation period, represented by a sensed profile water content of about 24% on average (Figure 2a) . SD was relatively constant during this moist period; its mean was ± 4.2% ( Figure 2b ). As SD is related to precision in general, a smaller SD of replicate values can be interpreted as a greater precision with which the mean value is known. The vineyard was not irrigated in 2010. In 2011, mean SWC decreased during April. Consequently, irrigation was applied on May 11 + 31, June 7 + 17, and July 14. The water application is reflected by increasing soil water content (Figure 2a ) and corresponding peaks of SD values (Figure 2b ). The latter reflect larger differences between the probes, likely due to the application of water via point sources and its subsequent inhomogeneous distribution in the soil. From August on, mean SWC dropped to about 14% and remained at this status until January 2012 (Figure 2b ). Mean SD was ± 4.7% in the first half-year and ± 3.8% in the second. In January 2012, SWC increased considerably. The sudden decrease in February was mainly due to soil freezing, so these data should not be over-interpreted. From March to May, there was again a continuous decrease of SWC. Therefore, the vines were drip irrigated on April 29, May 15 + 18, June 18, July 5 + 11, and August 18. After harvest, SWC decreased until mid of October and then was increased again by natural precipitation (Figure 2a ). Due to the changing conditions in 2012 -freezing, rainfall, irrigation -SD fluctuated considerably (Figure 2b ). Its mean value was 3.9%. From January to March 2013 the soil was constantly wet (Figure 2a ). During April, like in the previous years, SWC decreased. Unfortunately, there were gaps in SWC data from mid of May to June; mean SD was 3.4%. In July 2013, the winegrower started a substantial irrigation campaign with events on July 11, 13, 16, 17, 25, 28, and 29 (Figure 2a) . At that time, SD values easily exceeded all previous values (Figure 2b) , reflecting considerable differences between the locations. The details of this irrigation period will be discussed in a separate section. In general, the mean SWC reflected both dry and moist phases during the investigated period (Figure 2) , representing good preconditions for further analysis. The minimum and maximum SWC was 12% and 27%, respectively. This can be characterized as typical range compared to the SWC of 14% and 27% at permanent wilting point and field capacity, respectively. However, field measured SWC seldom coincides with unsaturated hydraulic parameters determined in the lab, which is particularly the case when data from just a single probe are considered (e.g. Nolz et al. 2016a) . SWC data of the six probes in this study were considerably different (Figure 2) . However, the SD values are comparable to values found in literature. Evett et al. (2009) , for example, measured water contents of 2-m profiles in the field using EnviroSCAN probes (n = 10). They reported mean SD values between ± 1.1% and ± 5.4%, depending on soil water status, irrigation, and crop. A better doi: 10.17221/9/2016-SWR precision (smaller SD values) can be obtained with more replications, implying that the mean value is known with greater certainty. However, it has to be noted that this does not necessarily entail better accuracy in terms of deviation of a measured value from the real value.
Interpretation of soil water content data of irrigation events. Figure 3 illustrates SWC readings of M1, M3, M4, and M6 during the period of intensive irrigation in July 2013 (M2 and M5 are not illustrated because of data gaps that occurred during this phase). At location M1, SWC likely reached saturation due to irrigation on July 17 and 25, as induced by horizontal lines at values of almost 40% (Figure 3a) . In this case, irrigation was sub-optimal. M6 sensed a similar SWC; the irrigation events were reflected properly, but not the effect of the events on July 17 and 25 (Figure 3d ). M3 showed no reaction to irrigation, and M4 reacted only on July 17 -after substantial irrigation -and later on July 26 (Figure 3b, c) . It is evident that the laterally transported water did not reach the sensing volume of the probe at position M3, and it reached M4 with a considerabe delay (both positions were in the mid between two emitters). The placement of a probe in relation to an emitter thus proved to have an immense effect on the measurements. M3 and M4 were neither suitable for irrigation monitoring nor for irrigation control, especially not to decide about when to stop irrigation. The dissimilarities explain the large SD values in Figure 2b .
Assessment of mean relative differences over time and evaluation of locations (probes) with regard to irrigation scheduling. The monthly MRDs reveal considerable differences between non-vegetation periods (October-March) and vegetation periods (April-September), which becomes particularly evident at months when the vines were drip irrigated (Figure 4) . Considering only non-vegetation periods (white squares in Figure 4 ), the MRDs were relatively stable during the study period. The only exceptions were the large values of the M6 probe at the end of 2011, which cannot be explained based on the existing data. In contrast to non-vegetation periods, MRDs of months with irrigation events (black squares in Figure 4 ) deviated considerably from the mean. The largest differences were found in July 2013, when Figure 3) . Consequently, SDRD values were the largest, indicating substantial differences between the measurements at locations next to emitters (M1, M2, M5, and M6) and probes at a 0.5 m distance from the emitters (M3 and M4) (Figure 4) . Evidently, the differences between non-vegetation and vegetation periods can be assigned to heterogeneous soil water distribution due to subsurface drip irrigation. This indicates that the relative differences technique can help evaluating locations for soil water monitoring with a view to irrigation control. For example, SWC was overrepresented by M1 (in relation to the average), whereas M3 delivered too small values (Figure 4) . On the other hand, the concept reaches its limits considering irrigation periods, because a merely statistical approach might not be suitable anymore when considerable physical differences appear due to the application of irrigation water from point sources and subsequent inhomogeneous distribution in the soil. For an unbiased temporal stability analysis, it is recommended to consider such effects when installing soil water sensors. For instance, a random setup might deliver interesting data.
In order to evaluate if temporal stability is affected by moisture conditions or changes over time, the MRD values with SDRD of April and September and the corresponding mean SWC were considered ( Figure 5 ). These two months were selected, because they were counted to the vegetation period but not affected by irrigation events. The main outcome is that the data revealed no evident systematic relationships, neither regarding different moisture conditions nor regarding development over time ( Figure 5 ). Unfortunately, missing data (M2) as well as unexplainable large values (M6, September 2011) influenced the MRD values of the respective months. As the number of probes and their arrangement was mainly fixed with regard to irrigation management, the setup was evidently not sufficient to draw reliable conclusions regarding dynamic developments (for example, such as induced by plant development), although the underlying data series was longer than in other investigations presented in literature.
To decide which location and accordingly which probe was the best to monitor soil water content with respect to irrigation scheduling, MRD values of the study period were separated into vegetation and non-vegetation periods (Figure 6 ). Furthermore, corresponding RMSE i values were calculated to evaluate temporal stability numerically by considering both MRD i and SDRD i values (Table 1) . The selection of an adequate probe turned out to depend strongly on the point of view. With a focus on the entire year, it is evident that M4 and M5 performed best according to the temporal stability analysis, followed by M1, M2, M6, and M3 (Table 1 ). The latter, however, together with M4 had the smallest RMSE i value during and M4 were representative as long as there was no irrigation. Considering the MRD values, M3 measurements were generally below the average SWC, whereas M4 measurements were above the average (Figure 6 ). Regarding the decreasing SWC values that were observed in springtime of all years (Figure 2 ), M3 would be the best choice as the basis for irrigation scheduling in order to avoid water deficit stress. However, it would be a proper choice only from this particular point of view. MRD values of M5 were closest to zero during vegetation periods ( Figure 6 ) and RMSE i was the smallest (Table 1) . Accordingly, M5 would be the best choice for soil water monitoring in general. It was already mentioned that the mean SWC corresponded well with the unsaturated hydraulic parameters determined in the lab. Consequently, M5 is likely the best choice to schedule irrigation based on the management allowed depletion of soil water (e.g., Nolz et al. 2016a ). M4 performed second best, although the sensor readings did not reflect irrigation (Figure 2 ). M1 returned moderate RMSE i values compared to the other locations (Table 1) and represented a rather wet spot according to the MRD values ( Figure 6 ). Hence, M1 might be a helpful monitoring location to avoid over-irrigation as illustrated in Figure 3 . Within the given setup, M2 and M6 were the least useful.
CONCLUSIONS
The study focused on the assessment of profile water content, measured down to a 50 cm depth by six capacitance probes at selected positions along vine rows, and its variability. Mean soil water content was within a plausible range compared to unsaturated hydraulic parameters determined in a laboratory. The measurements revealed a considerable variability, but standard deviations were comparable to values from literature. The representativeness and reliability of each monitoring profile was evaluated with regard to irrigation control. For this purpose, temporal stability was assessed by determining mean relative differences and corresponding standard deviations for different periods. The main finding was that some positions (probes) were more suitable for soil water monitoring with respect to irrigation control than the others. In the given case, a single location proved to be most suitable for this purpose. Furthermore, data from three others could serve as the basis for irrigation scheduling with some restrictions, while two locations were not useful.
Altogether, the results provided helpful insights into the spatio-temporal variability of soil water content measurements and allowed to evaluate the monitoring locations (and probes). The most critical reflection is that a substantial uncertainty remains if only one or two probes are installed. However, this might be a typical case due to practical and economic reasons. Other conclusions concern the temporal stability analysis. In general, it proved to be a useful tool to answer the research questions. On the other hand, interpretation was not always straightforward as the resulting recommendations depended on the focus, for example, if and in which way irrigation was considered. Furthermore, the available data from the specific arrangement of the probes were not suitable to assess all influences and uncertainties that might have affected temporal changes, for instance, due to plant development. work in the field and in the lab, and Mr. M. Wahrmann who allowed us to install sensors in his vineyard. The installation of the soil water probes was partly funded by the Austrian Research Promotion Agency (FFG) in the frame of the project Innovative approaches to the subsurface drip irrigation principle (SINAPSIS, PN822826). Names of products and companies are only mentioned for better understanding; none of the authors is in a dependency to any of the mentioned companies. Furthermore, we appreciate the work done by the reviewers and we are thankful for the comments that helped us improve the manuscript. 
